Minireviews provides an opportunity to summarize existing knowledge of selected ecological areas, with special emphasis on current topics where rapid and significant advances are occurring. Reviews should be concise and not too wide-ranging. All key references should be cited. A summary is required. Whether resources (bottom-up forces), natural enemies (top-down forces), or both, determine the abundance of insect herbivore populations in plant -insect herbivorenatural enemy systems remains a major issue in population ecology. Unlike recent surveys of the tritrophic literature we do not seek to quantify whether top-down or bottom-up forces predominate in any given set of experimental systems. Acknowledging the dearth of empirical synthesis we employ two contrasting literature surveys to determine whether the plant -insect herbivore -natural enemy literature is currently adequate to form a conceptual synthesis of the relative roles of top-down and bottom-up forces. The emergence of a synthesis of the relative roles of top-down and bottom-up forces in plant -insect herbivore -natural enemy systems appears to have been largely prevented by (1) the absence of appropriate empirical data; (2) failure to appreciate the merits of existing data; (3) a continued desire to emphasise either top-down or bottom-up forces to the exclusion of the other; and (4) confusion regarding which processes regulate and which influence the abundance of insect herbivores. Whether resources (bottom-up forces) or natural enemies (top-down forces), or both, determine the abundance of insect herbivore populations in plant -insect herbivore-natural enemy tritrophic systems has been a topic of much debate during the past 10 years (e.g. Harrison and
) an empirical evaluation of the relative roles of these two forces, and how they change, remains rare, at least in terrestrial interactions (Quinn and Dunham 1983 , Weldon and Slauson 1986 , Karban 1989 , Underwood and Petraitis 1993 , Polis 1994 , Jones et al. 1997 .
The question of what factors determine and regulate the population dynamics of organisms originated with the debate between Nicholson (1933) , who stated that regulation was brought about by density dependence, and Andrewartha and Birch (1954) who postulated that abiotic factors controlled population size (see Murdoch 1994 for a review). Issues of whether top-down and/or bottom-up factors are important in determining population abundance stem from Lindeman (1942) , and more recently White (1978) , who argued in favour of resource limitation of herbivores, particularly with respect to nitrogen. In contrast, the belief that top-down forces are fundamentally important in determining the abundance of insect herbivores was championed by Hairston et al. (1960) in what was acknowledged as a controversial (Murdoch 1966, Ehrlich and Birch 1967) but influential paper.
The bottom-up versus top-down debate developed during the 1980s tending to fragment into three subtly different questions: (1) What factors 'control' trophic level biomass and species diversity in food-webs? (2) What regulates herbivore populations in simple, linear food-chain modules?, and (3) What are the relative importance of top-down and bottom-up influences on the abundance of herbivores in these simple linear food-chain modules?
What factors determine trophic level biomass has received much theoretical attention (Fretwell 1977 , 1987 , Oksanen et al. 1981 , Menge and Sutherland 1987 , Leibold 1989 , Schmitz 1992 ; see Polis and Strong 1996 for a review). In general, these studies argue that both resource availability and predation, together with competition within trophic levels, shape community diversity and 'control' trophic level biomass. Empirical tests of the strengths of top-down and bottom-up forces in terrestrial systems remain rare (Strong 1992 ; but see Spiller and Schoener 1990 , Chase et al. 2000 . This is in marked contrast to aquatic systems where there is support from many enclosure, small pond experiments and whole lake manipulations of predators and nutrients, for the simultaneous action of both 'consumer controlled' (top-down) and 'producer controlled' (bottom-up forces) cascades (Schindler 1978 , Carpenter et al. 1985 , McQueen et al. 1986 , Carpenter and Kitchell 1988 see McQueen et al. 1989 for a review).
While community (food-web) orientated studies ((1) above) seek to understand community level dynamics, studies conducted on simple, linear food-chain modules ((2) and (3) above) examine the relative importance of top-down (natural enemies) and bottom-up (resources) forces in determining the abundance of insect herbivore populations. In doing this the studies attempt to elucidate the chemical, behavioural, spatial and temporal mechanisms that determine herbivore abundance within these interactions. This interdisciplinary approach was stimulated by Lawton and McNeill (1979) and Price et al. (1980) who urged the adoption of a more pluralistic approach that acknowledged the importance of both top-down and bottom-up forces in determining the abundance of insect herbivores. This represented a significant departure from the previous dichotomy prevalent in insect ecology, by considering that three interacting trophic levels, plants, herbivores and natural enemies, operate interactively in essentially all terrestrial ecosystems.
At a community level there is a growing consensus (see reviews by Polis and Strong 1996 , Persson 1999 , Polis 1999 ) that the next major challenge for terrestrial community ecologists is to develop an empirically derived appreciation of how the complexity of foodweb structure 'controls' trophic level biomass in terrestrial systems. At a more modular and mechanistic tritrophic plant-insect herbivore-natural enemy level, and despite several reviews (Price et al. 1980 , Gutierrez 1986 , Price 1986 , Hunter and Price 1992a , b, Ohgushi 1992 , Harrison and Cappucino 1995 , Thomas and Waage 1996 which have catalogued the findings of numerous tritrophic studies, no such consensus appears to be forthcoming.
In this study we do not attempt to quantify whether top-down or bottom-up forces predominate in any given plant-insect herbivore-natural enemy interaction. Instead we review, from a wide range of sources, what data are available. We then assess whether the data are adequate to develop a synthesis of the relative roles of top-down and bottom-up forces in simple, linear food-chain modules and whether these findings can be extrapolated to more community-orientated studies. Finally, we consider what reasons may be responsible for the lack of consensus regarding determination of population abundance that appears to exist among terrestrial ecologists compared to aquatic ecologists. We do not attempt to incorporate community or complex food-web structures in our consideration.
The terrestrial plant -insect herbivore -natural enemy interaction literature
Data on terrestrial plant-insect herbivore-natural enemy interactions are derived from three major sources. The mainstream literature consists of experiments designed specifically to untangle the relative roles of topdown and bottom-up forces. These experiments, in general, ask fundamental ecological questions. Addi-tional sources of data include agricultural field studies assessing the compatibility of host-plant resistance and natural enemies, and life tables of long-term observational data. The apparent absence in all three data sources of a synthesis of the relative roles of top-down and bottom-up forces may be, at least partially, attributed to a failure (1) to distinguish regulation from other population determining dynamics (see below), and (2) to appraise the suitability of data from the three sources for determining the relative importance of topdown and bottom-up factors.
The distinction between population regulation and other population dynamic behaviour is more than semantic, as both the inference required to interpret results and the methodology used to gather data differ substantially. Population regulation is the return of a population to an equilibrium density as the result of density dependent processes (Dempster and McClean 1998) and is distinct from the consequences of non-density dependent processes called influences (Hassell et al. 1998 ) that determine abundance. Questions of influences are most similar to those frequently posed by community ecologists concerning the 'control' of trophic level biomass. All three sources of data mentioned above may be utilised to develop a synthesis of the relative roles of top-down and bottom-up forces in influencing terrestrial plant-insect herbivore-natural enemy interactions. In contrast, determining the relative roles of top-down and bottom-up forces in regulating populations of herbivorous insects requires a more multidisciplinary protocol, such as the three-pronged approach of Hassell et al. (1998) . This approach combines the analysis of long-term observational data by time-series analysis with mechanistic population models, and field and laboratory experiments.
Survey of tritrophic experiments
Literature surveys that rely exclusively upon keyword searches are extremely restrictive, as only a limited number of authors use potential search terms such as 'top-down', 'bottom-up' or 'tritrophic' in their titles, abstracts or keywords. In this study we took the 1107 papers and book chapters cited by the ten most recent reviews of plant-insect herbivore-natural enemy interactions (Price et al. 1980 , 1997 , Gutierrez 1986 , Price 1986 , Hunter and Price 1992a , b, Ohgushi 1992 , Harrison and Cappucino 1995 , Thomas and Waage 1996 as our initial database.
A preliminary survey of titles and abstracts (where available) was made to determine which of these studies reported primary experimental and field observation results for systems involving three trophic levels. Of the 1107 citations only 299 were retained for further analysis. After detailed consideration of their content a further 243 papers, which on reading focused almost exclusively on interactions between two rather than three trophic levels, were discarded. Those papers that contained data from all three trophic levels but then later focused on a ditrophic interaction in their discussions were retained, as despite the limited conclusions drawn by the authors, the experimental data collected were tritrophic. This left us with 56 studies (see Table 1 ) -a surprisingly small number of primary papers considering the relatively large number of reviews that have been written and the size of the initial database.
The 56 studies reporting experimental results in terrestrial plant-insect herbivore-natural enemy interactions were then scored according to five criteria to discover the nature of the experiment performed (see Table 1 ): (1) Was the interaction studied 'fundamental' (i.e. systems not involved in biocontrol research) or Table 1 . Summary of results of the literature survey of studies cited in the ten recent reviews of plant-insect herbivore-natural enemy interactions. B, M and T refer to bottom, middle and top trophic levels, respectively, with studies classified as B-M (bottom and middle), M-T (middle and top), B-T (bottom and top), or All trophic levels. G/h represents greenhouse studies (see text for more details). As four papers used sub-experiments in different locations, the column and row totals in the Location column exceed the expected totals. Data were taken from the following sources. Annis and O'Keefe (1987) , Arthur (1962) , Ball and Dahlsten (1973) , Brower et al. (1967 Brower et al. ( , 1968 , Campbell and Duffey (1981) , Price (1986, 1987) , Craig et al. (1990) , Denno et al. (1990) , Duffey (1970) , Eickwort (1977) , Faeth (1985) , Gross and Price (1988) , Hamm and Wiseman (1986) , Hulspas-Jordaan and van , Kahn and Cornell (1989) , Karban (1989) , Kareiva and Sahakian (1990) , Kartohardjono and Heinrichs (1984) , Katanyukul and Thurston (1973) , Laine and Niemelä (1980) , Marquis (1994) , Monteith (1955) , Nadel and van Alphen (1987) , Natarajan (1990) , Obrycki and Tauber (1984) , Obrycki et al. (1983) , Ohsaki and Sato (1990) , Orr and Boethel (1985) , Pimentel and Wheeler (1973) , Power et al. (1985) , Price (1988) , Price et al. (1987) , Rabb and Bradley (1968) , Rahman (1970) , Salto et al. (1983) , Shahjahan and Streams (1973) , Simmons et al. (1975) , Slansky (1978) , Smith (1957) , Starks et al. (1972) , Stary (1978) , Stiling et al. (1982) , Streams et al. (1968) , Thorpe and Barbosa (1986) , Tilman (1978) , Turlings et al. (1990 Turlings et al. ( , 1991 , van de Merendonk and van Lenteren (1978) , van den Berg et al. (1990) , Weis and Abrahamson (1985) , Weseloh (1974) , Woodman and Price (1992) , Yanes and Boethel (1983) , Zohdy (1976) . OIKOS 93:2 (2001) 'applied'?, (2) Was the study conducted in the field, or under controlled conditions in the greenhouse or laboratory?, (3) Were one or more trophic levels manipulated?, (4) Did the authors evaluate results from all trophic levels and make some estimate of the relative importance of top-down and bottom-up forces?, and (5) Did the authors concentrate on a particular di-trophic interaction?
Results from 'fundamental' systems
Within the 'fundamental' systems' category the majority of studies were manipulative field experiments and considered all possible interactions between plant, insect herbivore and natural enemy trophic levels. Two major trends were apparent in approximately half of all studies and this may potentially reduce the success with which data from such 'fundamental' systems can be used to resolve the relative roles played by top-down and bottom-up forces in influencing the size of insect herbivore populations. First, a quarter of all these studies investigate the tritrophic interactions associated with chemical ecology, either of plant volatiles (Monteith 1955 , Turlings et al. 1990 , 1991 or food quality and, in particular, palatability (Brower et al. 1967 , Duffey 1970 , Zohdy 1976 , Slansky 1978 , Campbell and Duffey 1981 . For example, Turlings et al. (1991) used gas chromatographic analysis and flight tunnel tests to investigate the mechanisms associated with the release of terpenoid volatiles by corn seedlings after they had been fed upon by caterpillars, and the subsequent orientation of parasitic wasps to these volatiles. Although chemical ecology may be incorporated into a population dynamics' framework (see Stiling et al. 1982) , the studies listed above merely elucidate the mechanisms of top-down and bottom-up interactions and do not contribute to the debate regarding population level processes. In many cases, extrapolating to food-web/community considerations is impossible! Such studies are also more likely to concentrate on interactions between only two trophic levels.
The second major trend observed is that almost half of all field studies rely upon the natural variability of un-manipulated populations. This is particularly prevalent in those short-term studies investigating top-down and bottom-up forces in gallmaker or leafminer systems (Clancy and Price 1986 , 1987 , Price 1988 , Kahn and Cornell 1989 . Whilst it is possible to determine the relative roles of top-down and bottom-up forces in an un-manipulated system, natural variability must be sufficiently great at the herbivore trophic level (see Price et al. 1987) to assess the changing balance of top-down and bottom-up forces over as large as possible a range of herbivore densities. Manipulative experiments, in which the relative importance of top-down and bottom-up influences are assessed over a wide range of herbivore densities, do enable the comparison of populations at extremes of herbivore abundance and make it relatively easy to distinguish the roles of resources and natural enemies in influencing herbivore abundance.
Of the 35 'fundamental' studies, only three can be considered to assess the relative roles of top-down and bottom-up forces in detail. These studies, by Eickwort (1977) on the milkweed leaf beetle Labidomera cli6icol-lis, Price et al. (1987) on the bud galling sawfly Euura mucronata, and Kareiva and Sahakian (1990) on the pea aphid Acryhrosiphon pisum, are exceptional in that they provide, in a balanced manner, qualitative estimates of the relative roles of top-down influences of a suite of natural enemies and the bottom-up influences of the host plant. All three studies were performed in the field; Eickwort, and Kareiva and Sahakian used manipulative approaches whilst Price et al. relied upon natural variability of both top-down and bottom-up forces. Interestingly, although the authors acknowledge that both top-down and bottom-up forces can act simultaneously in a single system both Price et al. and Eickwort indicate in their concluding remarks that either top-down or bottom-up forces are important in determining herbivore population size. In particular, Price et al. note that the survival of larvae after establishment is influenced by plant resistance and natural enemy attack, but that the most important factor was the success of larval establishment which is determined by the plant. Eickwort, on the other hand, states that, at least for her particular study system, bottom-up forces are unlikely to be limiting as the host plant was abundant in the study area. Only Kareiva and Sahakian retain a pluralistic view, concluding that host-plant effects were only detectable in the presence of predators and that they accounted for a 50% reduction in aphid numbers.
Results from 'applied' studies
Despite only two (Price 1986, Thomas and Waage 1996) of the ten reviews used in this survey as a source for papers being of an 'applied' nature, non-'fundamental' studies were well represented (21 papers) in the total sample of 56 studies. 'Applied' studies almost universally employ a manipulative approach (but see van den Berg et al. 1990 ) and are usually performed in the field. The majority of the studies considered interactions between all trophic levels, although two studies (Nadel and van Alphen 1987, Rabb and Bradley 1968) did focus primarily on insect herbivore-natural enemy trophic levels, despite specifically mentioning the role of the host plant in their titles.
Whilst most 'applied' papers did not mention the words 'tritrophic', 'top-down' or 'bottom-up' in their abstracts or titles, they were nevertheless more likely than the more 'fundamental' papers to consider fully interactions between all trophic levels. Such a balanced appraisal by the 'applied' literature is perhaps unsurprising considering that many studies represent attempts to assess the likely practical implications of the interactions between host-plant resistance and parasitoids or entomopathogens for biocontrol programmes. For example, Starks et al. (1972) performed a manipulated greenhouse trial and determined that resistant varieties of barley and sorghum complemented the activity of the parasitoid Lysiphlebus testaceipes in reducing damage caused by the greenbug Schizaphis graminum.
Whilst authors of 'applied' work frequently assess the compatibility of host-plant resistance and predators or parasitoids for the purposes of biocontrol, they do not attempt to quantify the relative contributions of these top-down and bottom-up forces in controlling pest population size. However, by virtue of their balanced manipulative approach, data collected by such studies represent a large, currently under-utilised but potentially highly profitable dataset that could be used to estimate the quantitative contributions of bottom-up and top-down forces in influencing insect herbivore population dynamics.
Survey of life-table studies
Multi-generational life history data offer an excellent opportunity to estimate the relative roles of various mortality factors at different life stages for herbivorous insects (Stiling 1988 , Cornell 1990 , Cornell and Hawkins 1995 , Cornell et al. 1998 . Such data are commonly analysed using key-factor analysis (Morris 1959, Varley and Gradwell 1960) . As a technique to detect density dependent regulation, and despite a number of potential analytical defects (Maelzer 1970 , Royama 1977 , Hassell 1986 , Hassell et al. 1987 , May 1989 , key-factor analysis remains a useful method to appraise the relative roles of top-down and bottomup forces.
Key-factor analysis determines the stage-specific factor, or factors, which make the greatest contribution to the total variation in mortality. For example, in the classic study of the population dynamics of the winter moth, Operophtera brumata, in Wytham Woods, Oxford, Varley and Gradwell (1968) determined that winter disappearance caused by asynchrony between the insect and its food plant was the key factor. Their analysis revealed that density dependent predation of pupae in the soil made a substantial contribution towards overall mortality whilst assorted parasitism of larval and pupal stages made up the residual mortality. This represents an appreciation of the relative roles of mortality factors from a variety of sources which is rare in the mainstream plant-insect herbivore-natural enemy literature.
Results from key-factor analysis survey
To gain an appreciation of the relative importance of various factors influencing populations of herbivorous insects we re-analysed the papers listed in Stiling's (1988) compendia of key-factor analysis data. Key factor(s) recorded (if any) were attributed to top-down, bottom-up, weather, dispersal or migration, and the life history stage on which they acted was recorded (see Fig. 1 ). Miscellaneous or unattributed mortality factors were excluded from the analysis.
Unlike previous life-table surveys (e.g. Cornell and Hawkins 1995, Cornell et al. 1998) , reduced fecundity in adults (i.e. ''the extent to which females emerging from one generation fail to contribute a maximum potential number of eggs to the next generation'' (Benson 1973)) has been included. This was assumed to be predominantly bottom-up in origin (Taylor 1975 , Leather 1984 , Sopow and Quiring 1998 , Hirschberger 1999 , Hopkins and Ekbom 1999 . In some species, realised adult fecundity may also be determined by mortality, migration and weather Reader 1976, Hayes 1981; see Leather 1988 for a review of factors affecting fecundity).
The data show that both top-down and bottom-up forces may act as key factors in influencing the populations of herbivorous insects (see Fig. 1 ). Top-down forces predominate during egg, larval and pupal stages (19 of 31 reported key factors during immature stages (Hughes and Mitchell 1960 , Klomp 1965 , Harcourt 1966 ). Harcourt (1966) ), for example, found that granulosis of larval Pieris rapae by the capsule virus Bergoldia 6irulenta was the key factor. Bottom-up forces are much rarer during immature stages, and were recorded in five instances. When they are important they act as key factors through either antibiotic effects, for example Latheef and Harcourt (1974) Dempster (1982) in the cinnabar moth Tyria jacobeae.
During the adult stage, top-down forces are absent and bottom-up forces, usually a reduction in fecundity, are dominant. Reduction in fecundity, or infecundity as it is sometimes known (Berryman 1973) , was the key factor in 11 of 21 instances (Grimble and Knight 1970 , Benson 1973 , Southwood and Reader 1976 , Hirose et al. 1980 , Warren et al. 1986 ). Benson (1973) calculated that the failure of adult cabbage root flies Erioischia brassicae (now Delia radicum) to lay their full complement of eggs was the key factor, assuming a maximum potential natality of 80 eggs per female (Swailes 1961) and equal numbers of males and females.
Over all life stages, the number of studies reporting top-down (19) and bottom-up (16) key factors are roughly equal at one third each, with migration, weather and co-limitation accounting for the remaining third. The balance between studies showing top-down and bottom-up key factors varies depending on the life stage being examined.
Partitioning of top-down and bottom-up forces in life-table studies
While the analysis above allows the determination of the key factors causing population change, life-table data can also be used to determine the changing balance between top-down and bottom-up factors in influencing insect populations. Attempts to assess the relative importance of top-down and bottom-up forces in the life-table of a single species have generally proved controversial (but see McMillin and Wagner 1998). For example, Hunter et al. (1997) used 16 years of life-table data for the winter moth, Operophtera brumata, and found that top-down forces explained 34.2% of the population variance, whilst bottom-up forces and unexplained factors accounted for 17.2% and 48.6% of the population variance, respectively. This analysis however was criticised by Hassell et al. (1998) for (1) failing to separate density dependent (regulatory) effects and non-density dependent (influencing) effects; and (2) making the assumption that immediate density dependent responses are caused by bottom-up factors and delayed density dependent responses are caused by top-down factors.
Life-table data can be used to develop a synthesis of the relative roles of top-down and bottom-up influences at the level of individual host plant-insect herbivorenatural enemy interaction. If stage specific 'mortality' is partitioned into top-down and bottom-up components, and is plotted for each life stage together with the total overall 'mortality', the changing balance of top-down and bottom-up 'mortality' factors can be readily observed (see Fig. 2 for two examples of such partitioning).
As Fig. 2 illustrates, the cinnabar moth experiences considerable variation in the relative roles of top-down and bottom-up 'mortality factors' between years. During 1967, the availability of the cinnabar moth's host plant (ragwort) exerted substantial stage-specific bottom-up effects through starvation of late larval instars and most prominently by determining fecundity realised by adults compared with the potential maximum natality of 600 eggs per female (Dempster 1971) . The topdown effects of arthropod predators, which attacked early instars before the larvae became distasteful, and pupal predation by moles (Talpa europea) were also particularly important stage-specific factors, with parasitism of late instar larvae by Apanteles popularis being of lesser importance. During 1968, the same population trends were also exhibited. The large population during 1967 consumed much of the plant resources leading to defoliation. This meant that adults were less fecund. Ragworts were substantially smaller in 1968 and bottom-up mortality increased dramatically from the third and fourth instar stages onwards.
The light brown apple moth, a pest of pome fruit, grapes and horticultural crops in Australia and New Zealand (Danthanarayana 1975 (Danthanarayana , 1983 , also exhibits temporal variation in the relative importance of topdown and bottom-up forces. This variation was particularly striking during the immature life stages; in particular, the large disappearance of the first instar larvae and the mortality of second to sixth larval instars from parasitoids, predators and nuclear polyhedrosis viruses. Comparison between the two study orchards at La Trobe University and Warrandyte revealed that the relative roles of top-down and bottom-up forces also changed between sites, despite their geographical proximity (within 2 km from the centre of Melbourne, Victoria, Australia). Such a demonstration of the necessity of a pluralistic approach and the contingent effects of life-history strategy, time and location on the relative importance of top-down and bottom-up forces is unusual in the mainstream plant-insect herbivore-natural enemy literature.
Discussion
Empirical synthesis of the relative roles of top-down and bottom-up forces in terrestrial plant-insect herbivore-natural enemy interactions is rare, despite the emergence of a more pluralistic conceptual approach that recognises the importance of both types of forces in determining the abundance of insect herbivores. This review has considered the level of synthesis currently existing in the ecological literature using two surveys of the three major sources of plant-insect herbivore-natural enemy data: the 'fundamental' experiments of the mainstream literature, agricultural 'applied' field studies assessing the compatibility of host-plant resistance and natural enemies, and life tables of long-term data.
The survey of plant-insect herbivore-natural enemy interactions from the more 'fundamental' literature revealed two major trends that may have substantially reduced both the quality of empirical data and the potential of such data to assess the relative roles of top-down and bottom-up forces: (1) the large number of chemical ecology studies that have not considered population level processes, and (2) the reliance upon the natural variability of un-manipulated populations. The limited number of studies available suggests that 'fundamental' studies are more likely than 'applied' studies to attempt to make qualitative estimates of the relative roles of top-down and bottom-up forces but of the three studies (Eickwort 1977 , Kareiva and Sahakian 1990 ) that did attempt to do this, those of Eickwort (1977) and Price et al. (1987) still emphasised either top-down or bottom-up forces to the exclusion of the other.
'Applied' studies, in their efforts to assess the compatibility of host-plant resistance, and predator or parasitoid interactions for the purposes of biocontrol, are unlikely to even mention the words 'tritrophic', 'topdown' or 'bottom-up' in their titles, abstracts and keywords. They are also less likely to attempt quantitative estimates of the contributions of top-down and bottomup forces. Despite this, the balanced, manipulative approach employed by 'applied' studies means that this literature represents a large, currently under-utilised but potentially highly profitable source of data that could be employed to provide quantitative estimates of the relative roles of top-down and bottom-up forces in influencing insect herbivore population dynamics. It would appear that the potential of 'applied' studies to develop a synthesis of the relative importance of topdown and bottom-up forces has yet to be appreciated.
In common with 'applied' studies, multigenerational life-history data also represent a currently unexploited source of plant-insect herbivore-natural enemy data. The survey of key factors acting on populations of herbivorous insects, and our life-table data analysis of the cinnabar moth and the light brown apple moth, strongly suggest that both top-down and bottom-up forces are important in determining the populations of insect herbivores. Partitioning of top-down and bottom-up forces for each life-history stage demonstrates that argument about whether top-down or bottom-up forces are most important in determining the abundance of insect herbivore populations is overly simplistic. Their relative importance is contingent on a number of factors including the herbivore's life history, the life-history stage, year and study site. Provided that no attempt is made to determine the relative roles of top-down and bottom-up forces in regulating populations of insect herbivores, and that the role of the plant is fully considered by inclusion of the factors determin- Fig. 2 . Frequency-based analysis of 'mortality' factors at six developmental stages over two years for two species of herbivorous insects; the cinnabar moth, Tyria jacobeae, and the light brown apple moth, Epiphyas post6ittana at two field sites, Warrandyte and La Trobe. Key: Bottom-up (black); top-down (white); unknown mortality factor(s) (hatched); survivors (grey).
ing adult fecundity, life-history data provide an excellent opportunity to develop a synthesis of the relative roles of top-down and bottom-up influences.
The assertion by McQueen et al. (1986) that the failure of researchers in terrestrial systems to develop a synthesis of the relative roles of top-down and bottomup forces may be explained by the absence of empirical data of sufficient quality is only part of the story. This review has demonstrated that the emergence of a synthesis, at least in terrestrial systems, has been largely prevented by researchers, particularly those researching plant -insect herbivore-natural enemy interactions in what we have defined as traditionally more 'fundamental' systems, continuously emphasising either top-down or bottom-up forces to the exclusion of the other (see comments by Karban 1997) . The failure to appreciate that the majority of top-down and bottom-up forces play a role in influencing population dynamics (but not necessarily in regulating populations) and the apparent unwillingness to recognise the merits of data from 'applied' systems and life-table studies have also contributed to the current absence of synthesis. Both topdown and bottom-up forces can, and have been shown to influence the abundance of insect herbivore populations in plant -insect herbivore-natural enemy systems. Only through a greater appreciation of how complexity, and the contingent effects of life-history strategy, time and location and the adoption of a more pluralistic approach can a synthesis of the relative roles of topdown and bottom-up forces develop.
